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The range of semiconductors and other 
materials being applied to the manufacture 
Roy Szweda, 
of solar cell devices is constantly growing. 
Key trends also include improvements of 
Associate Editor existing technologies such as quantum well 
multi-junction cells, concentrators, strain- 
balanced cells, virtual substrates, and ther- 
mo-voltaic systems. In this article attention 
will be paid to as many of these as we have 
space for. 
Solar Cells 
As Above, So Below 
As we have so often said before, compound 
semiconductors have so much to offer product 
innovation.As the existing market sectors once 
the exclusive domain of III-Vs get squeezed by 
silicon, makers are turning to new markets. Just 
as in microelectronics and in particular 
microwave, the photovoltaics business comes 
down to a contest between silicon vs. the com- 
pounds. It is basically high-volume, low-cost 
amorphous silicon versus lower volume, higher- 
cost compounds. If the billion-dollar per annum 
photovoltaic business is broken down then over 
90% in value would go to silicon.That simplifi- 
cation hides a major business and technical 
contribution from some very interesting com- 
pound-based dcviccs. 
The list of compound semiconductors which are 
now at the stage of actual devices now includes 
the following materials: 
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The diversity of approaches is indicative of the 
response to technical demands for high effcien- 
cy and cost. A key issue is maximising spectral 
response to boost photovoltaic conversion for 
the smallest amount of material.This is particu- 
larly important for power supplies on board 
satellites, for example. It is less important for 
most terrestrial applications. 
This diversity is indicative of the response to a 
complex mix of technical demands, efficient and 
cost. However, recently a new challenger has 
appeared. Just as for organic flat panel display 
applications comparable molecular materials are 
close to their commercial debut in photovoltaics 
(PVs). Nevertheless, it is likely that these too will 
find their place in the mainstream terrestrial mar- 
kets. At this point they do not appear to threaten 
the compounds. 
Unlike most other materials, that for solar cells 
has been surviving the industry downturn fairly 
well. In fact, estimates of 395 MW of these 
devices were made in ZOO 1, up by 37% from 
2000, see Figure 1. The Top Five players are 
Astropower, BP Solar, Kyocera, Siemens Solar and 
Sharp.They collectively account for two-thirds of 
the market with Japanese companies making a 
particularly strong showing.This is due in part to 
a national program to boost energy self-sufficien- 
cy.Thanks to these and other countries’ efforts, 
the cost of electricity generation by PVs is now 
closing on that from conventional sources. Just 
as is the case for white LEDs, once unit cost 
for solar cells has dropped below a certain level, 
($ per Watt) the market will really take off or so 
say the industry experts. 
Scientists are able to select the particular com- 
pound to suit a given wavelength range. 
However, no one material has as yet optimum 
characteristics for the entire solar spectrum from 
IR through visible to UV GaSb is a good choice 
for IR out to 1.8 microns. Despite its attraction 
for short wavelength light emission and detec- 
tion, the III-nitride alloy system has yet to 
become important in photovoltaics. 
However, one area of attention has been the qua- 
ternary alloy In GaAsN lattice-matched to Ge or 
GaAs substrates but further work is needed 
before these can even approach levels of effi 
ciency of existing systems. 
A key aspect of all these compound-based photo- 
voltaics is the use of epitaxial growth technolo- 
gy. It is going to be a major technical challenge 
for researchers to improve efficiencies, while at 
the same time lowering manufacturing costs. 
Nevertheless some very interesting develop- 
ments are underway especially now that low-cost 
hetero-epitaxial growth of compounds on silicon 
is possible.The Motorola buffer technology has 
great potential in this respect, 
The last time we covered solar cells was October 
last year (Vol. 14, No. 8).Then, as now, it is space 
rather than ground-level applications that are the 
preoccupation of compound photovoltaics.The 
technologies to be discussed here will cover 
both areas it is just that the timing of these will 
of course be different. 
Amongst the topics finding renewed interest is 
that of concentrators. Notably in countries such 
as Australia and the US companies and 
researchers are funding new R&D.The aim is to 
provide lower cost lenses to concentrate the sun- 
light on the relatively more costly solar cell itself. 
Thus the overall efficiency might be improved. 
For example, the Amonix (CA, USA) 25 kW array 
of point focus Fresnel lenses which increase inci- 
dent light by 250 times. Conversion to AC elec- 
tricity of 16% is achievable with this system.The 
Amonix Megamodule provides cost savings by 
integrating the lens, SC and receiver plate in one 
unit.This eliminates 75% of parts and costs over 
earlier designs. Several modules can be combined 
to make, for example, the popular single 25 kW 
unit. 
While these approaches have so far been confined 
to silicon terrestrial units, other approaches are 
being tried to boost the efficiency and therefore 
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commercial success in devices made form com- 
pounds such as the III-Vs and II-Vs, see below. 
As shown in Figure 3, over 30% conversion effi- 
ciency has been demonstrated using tandem 
multi-junction concentrator solar cells (MJSCs) 
such as the GaAs/GaSb mechanical stack.The 
world leader in solar cells, Sharp, is pushing 
MJSCs for terrestrial concentrator for example. 
During a recent NASA Phase 2 SBIR contract JX 
Crystals fabricated a batch of triple-junction volt- 
age-matched line-focus concentrator cell circuits, 
which measured up to 3.4 Watts of output power, 
over 3O%AMO efficiency, during initial flash testing. 
These circuits have 4 GaInP/GaAs dual junction 
cells on transparent GaAs assembled on top of 8 
diffused junction GaSb booster cellsA novel front 
cell contact enables all top side bonding.Three of 
these circuits were flown on the NASA Lear Jet for 
confirming calibration in October 2001. 
Apart from the commercial solar cells based on 
silicon, Belgium’s famed IMEC also develops 
GaAs solar cells on germanium SubstratesThis 
material is used because of high efficiencies and 
radiation hardness which make GaAs solar cells 
candidates for space applications. In 2001 an 
increased mechanical strength was achieved by 
combining a thin germanium layer on a comply- 
ing thin silicon filmAlso, very high efficiencies 
were achieved: 24.5% at AM 1.5 illumination for 
GaAs solar cells on a Ge substrate.This world 
record was achieved in collaboration with INTEC 
University of Gent and Umicore. 
IMEC is also exploring the possibility of produc- 
ing solar cells based on thin crystalline silicon 
films on a low-cost substrate. One type of inex- 
pensive substrate is the ceramic oxide, alumina. 
Polycrystalline silicon layers with grain sizes in 
the range of 10 urn were used to process cells, 
which showed efficiencies between 5 and 6.5%. 
Another possibility is a cheap silicon substrate. 
An active layer is grown on a porous film 
without being lifted off from the silicon sub- 
strate.This approach was successfully tested on 
monocrystalline and multicrystalline silicon carri- 
ers with solar cell efficiencies above 12% for 
active layer thickness below 10wm. 
InP & diamond 
InP solar cells have been shown to degrade less 
under irradiation than GaAs and Si and so InP 
cells have good prospects for space. Work is 
underway to improve photovoltaic performance 
of InP cells with good conversion efficiency as 
well as power/weight ratio.The latter being very 
important since launch cost is so high, 
power/weight ratio is critical. Less well known is 
the need for good end-of-life (EOL) efficiencies. 
Many of today’s structures based on either GaAs 
or silicon usually have good begin-of-life efficien- 
cies, but EOL can be lower than desirable. InP 
based materials (e.g. GaInAsP) are also suitable 
for low band-gap devices suitable for thermophc- 
tovoltaic power conversion. 
Indicative of the various permutations presently 
been tried out by researchers around the world is 
that coming from the Weizmann Institute of 
Science in Israel which, in collaboration with the 
Naval Research Laboratory in Washington, DC and 
Technical University of Darmstadt, has developed a 
p-diamond/n-CdTe PV cell to demonstrate the con- 
cept of an inverted p-n heterojunction solar cell. 
To fabricate this unit a boron-doped diamond 
thin film substrate with p-type conductivity had 
to be treated with ozone to modify the electron 
affinity and facilitate growth of the CdTe layer by 
the close space sublimation method.The film 
was moderately doped with indium to render the 
material n-type conductivity.The workers say 
that from their results the band diagram suggests 
that the band bending when forming the p-n 
junction should be around 0.7 to 1 .O eV and 
should not include any band mismatch at the 
junction; highly encouraging results for this 
promising new form of solar cells. 
The foregoing might seem to be the limit as to 
what the market can presently consider as to 
materials for solar cells but this is not the case. 
Organic solar cells join organic LEDs and transis- 
tors as promising contenders to compound inor- 
ganic semiconductors. Research has been under- 
way for several years on these new, innovative 
types of solar technology. Organics have good 
potential for cost reduction and in Germany the 
Fraunhofer Institute for Solar Energy Systems (BE) 
is collaborating with fellow German agencies such 
as the Freiburger Materialforschungszentrum FMF 
(Freiburg Materials Research Centre) consider 12 
o/u efficiency to be possible. 
The advantages of organic materials include their 
mechanical flexibility and the long-term poten- 
tial for inkxpensive production.This will open up 
new application fields for solar cells, e.g. organic 
solar cells are attractive for architecture because 
they could not only be integrated into glazing 
units but could also be applied to curved sur- 
faces.The flexible cells could also be incorporat- 
ed in functional clothing items. 
At present, an efficiency value of 3% has been 
achieved with organic solar cells.The researchers 
at Fraunhofer ISE aim to increase this efficiency 
by developing and optimising the cell structures. 
It is experimenting with embossed nanostruc- 
tures to increase the amount of light entering the 
cell. In doing so, it can draw on many years of 
experience at the institute in nanostructuring 
large areas of polymer materials.They use holo- 
graphic exposure methods to produce periodic 
surface structures over large areas, which are 
then transferred to the polymer layer of the solar 
cells in an inexpensive embossing process, and 
lead to improved absorption of sunlight.This 
work is concentrating on cell production from 
inexpensive materials using the simplest possible 
processes and improving the long-term stability. 
Quantum well PVs 
No coverage of compound solar cells would be 
complete with reference to quantum well (QW) 
techniques. Great strides are being made in their 
application to GaAs alloys to demonstrate major 
efficiency enhancements. In the search for high- 
er efficiencies new combinations and configura- 
tions of Ill-Vs are being used. 
The ideal band-gap combination for a tandem 
solar cell is typically 1.75eV and 1. 1eV Such 
band-gap combinations cannot be attained using 
monolithic and therefore lattice-matched, bulk 
III-V semiconductor material combinations.The 
best monolithic combination is represented by 
the GalnP/GaAs tandem cell possessing an AM0 
efficiency of 26.9Sb.The GaAsP/InGaAs cell can 
be usefully employed as a . high-current’ replace- 
ment for the GaAs cell in the GalnP/GaAs tan- 
dem, grown on a GaAs substrate. Such a cell 
could reach AM0 efficiencies of SOY&The effcien- 
cy may be increased yet further by growing the 
cell on a Ge substrate and exploiting the Ge as a 
third junction. 
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For example, interesting work is underway at 
Imperial College in London. In collaboration with 
the ESPRC III-V Facility at the University of 
Sheffield, and the IME-CNR in Lecce, Italy, MQW 
cells have been fabricated with and without dis- 
tributed Bragg reflectors (DBRs). Internal quan- 
tum efficiencies in the region 880-1000 nm has 
been shown to improve as a result of the inclu- 
sion of a DBR.The DBR reflects light back in so 
less light is absorbed internally and so can reach 
the third junction. GaInP/GaAs tandem cells suf- 
fer from current generated in the bottom GaAs 
junction. Imperial has developed so-called ‘strain- 
balanced’ structure (SBSs) MQW cells to achieve 
lower bandgap for this lower junction and avoid- 
ing non-radiative recombinations via dislocations. 
By using very thin layers grown with alternate 
tensile and compressively strained materials you 
can make structures which are locally strained 
but over one period exert no net force on the 
substrate.These SBSs have been applied not only 
to SCs but also to emitters such as lasers. By use 
of such methods, the group has demonstrated 
that optimal bandgap combinations can be made 
for tandem structures using existing, high-purity, 
ternary III-V alloys. 
While this appears to be a straightforward means 
to achieve major advances in efficiency other cri- 
teria must be fulfiiled too. In some instances very 
thick layers are needed because of the high level 
of strain involved. One approach involves use of 
GaInNAs in place of InGaAs. However, another 
approach is to use a ‘virtual substrate’.This is 
constructed by incorporating a SBS into the 
lower junctionThis virtual substrate has a lattice 
parameter which allows SBS to be made up of 
tensile InxGal-xAs and compressive InyGal-,,As 
where x<y. With recent developments in high 
quality virtual substrates it cold well be that 
higher efficiency structures are not so far off. 
These SBCs can accommodate strained layers with- 
out generating misfit dislocations which degrade 
dark current. Only a few QWs can be included due 
to background doping and other effects. So anoth- 
er approach must be used - one such is to include 
a MOCVD-grown wavelength-tailored DBR. 
Results have shown that the MQW cells produce 
more current than conventional PN bottom cells 
under AM0 conditions. Incorporation of a DBR 
increases current and most light outside of its 
stop-band is transmitted through the cellThis 
light is outside the DBR stop-band and below 
bandgap so a third Ge junction can be put below 
the DBR for even more efficiency enhancement. 
Light 
converter cell 
Infrared 
converter cell 
more radiation resistant than present GaAs PN 
The team savs that these cells should be even Figure 3. Over 30% conver- 
sion efficiency has been 
demonstrated usinq tandem 
junction types because much of the absorption is 
done in the field-bearing region of the device.This 
m&junction concintrator 
so/ar cells such as the 
GaAslGaSb mechanical stack 
shown here. means that it is relatively impervious to changes 
in diffusion lengths due to radiation damage. 
It is worth noting that the Imperial College team 
has shown that by replacing the GaAs junction 
in a GaInP/GaAs tandem cell with a 
GaAsP/InGaAs strain-balanced structure, an effi- 
ciency rating of 30% and 34% under l-sun AM0 
and AMl.5 can be achieved, respectively. In 
future, a more ambitious material combination 
and use of virtual substrate technology might 
offer even higher efficiencies. 
Conclusions 
The solar cell industry becomes more interesting 
every year. With the advent of organic solar cells 
even the dominance of silicon variants may soon 
come under threat. It would seem that the sili- 
con market, rather than compounds should be 
worried about the challenge these will represent. 
Nevertheless, as the technology stands today the 
cost of electricity generation from solar cells 
continues to be higher than that from other 
alternatives such as wind or the conventional 
sources such as coal-fired power plants. 
Economies of scale are helping even things out 
as rising demand drives industry expansion.At 
present solar cells cost about $3.50 per Watt for 
crystalline cells while the thin film ones cost 
about $2 per Watt. Analysts estimate that from 
1976 to 2000, each doubling of cumulative pro- 
duction gave a price drop of 20%. If that trend 
continues or even accelerates we could see 
prices falling even more dramatically 
